(1) In the case of UO2, kernel with artificially impaired coating, their kernels were found to move more readily toward the crack, regardless of the temperature gradient, as compared with UC2.
(2) The amoeba effect is observed even in out-of-pile heating on intact coated particles with UO2, kernel which moves down the temperature gradient. This UO2, movement was given a new explanation based on the evaporation and subsequent condensation of the UO2 within the particle, when the coating is intact.
(3) In case of UC2, kernel, which moves up the temperature gradient, the sealing-in of the kernel by the intact coatings appears to assume a controlling factor, and the occurrence of evaporation is negligible. KEYWORDS Coated particle fuels have been chosen for use in all existing and planned high-temperature, gascooled thermal reactors. The fuel particles are small spheres of uranium and/or thorium oxide, or dicarbide, coated with pyrolytic carbon and silicon carbide. These particles are reported to have good containment qualities for fission products, and also high chemical and metallurgical stability properties above this temperature, however, are not yet well determined.
It is known that, when the coated fuel particle with carbide kernel is heated out-of-pile with a temperature gradient across the particle, the fuel kernel moves through the coatings unidirectionally ; and that chemical deterioration also occurs. The movement of the kernel has been named "amoeba effect" (2) . This amoeba effect has been observed in particles heated of UC2, the direction of the movement of the kernel is upward along the temperature gradient, the reverse direction has been observed in in-pile experiments(3)(6). The mechanism of the amoeba effect, however has yet to be elucidated.
In the present study, coated fuel particles of carbide or oxide, with their coating layers either intact or artificially cracked, were heated out-of-pile with a temperature gradient across the particle at high temperatures, in order to gain further information on the amoeba effect. Both the temperature and temperature gradient were made greater, than prevalent in actual reactors, to accelerate the effect.
The coated fuel particles used in the experiment are listed in Table 1 ; the particles consisted of either UC2, UO2 or (U/Th) O2 as kernel and coated layers of pyrolytic carbon with or without SiC outside coating. The innermost pyrolytic carbon layer was of low density, and the remaining outer carbon layers of high-density isotropic.
* Tokai-mura, Naka-gun, Ibaraki-ken . vacuum.
In the second, the particles were placed loosely in the annular space of a hollow graphite cylinder; the width of the space was nearly equal to the particle diameter.
Finally, in the third method, the particled were placed in a ring in the annular space of a hollow graphite disk 1.2 mm thick. These particles were bonded in position in the annular space with binder, by a method similar to that described for the first method; and the disks were stacked to form a cylinder. A graphite electric-resistance heater of 3mm diameter was inserted into the center of the graphite matrix containing the particles. The temperature gradient was obtained from the temperatures taken at different depths from the outer face of the annular sample (marked (8) in Fig. 1 ). Temperatures of inner temperature reading, and the gradient obare considerably higher than those expected in the actual reactors. Most of the runs were made on the loosely contained particles; only one run each was performed on the bonded sample and on the stacked disk. In this last-mentioned run, some of the disks contained particles with their coating cracked artificially. The purpose was to examine whether the defect caused any difference in kernel movement. After heating, a portion of the loose particles were removed carefully from the cylinder for subjection to X-ray radiography (8) . The disk samples were radiographed both before and after the run. The non-bonded cylindrical and disk samples were further subjected to ceramographic were immobilized by introducing a self-hardening resin into the space between the particles before ceramography. in the case of the UO2 kernel, the movement occurred in the cracked particles , and not in the intact particles. It is to be noted that the direction of the UO2 kernel movement differed from particle to particle, and this would appear to be related to the random alignment of the cracks in the particles. In order to explain the amoeba effect for the oxide kernel, carbon transport mechanisms have been proposed (5) . The corrosion mechanism implies the transfer of carbon from the hot side to the cold side of the particle, and the hot spot mechanism involves the assumption that hot spots on particle coatings first give rise to cracking with release of carbon monoxide, followed by rapid chemical reaction between the oxide kernel and coating. However, the direction of the UO2 movement down the temperature gradient cannot be explained by the latter mechanism, because the relation between the position of the crack and the direction of the UO2 movement is not clarified by this mechanism. For the coated particles with carbide kernel, the thermal diffusion model is proposed(7), but it is not sufficient to explain the amoeba effect movement.
The results given in Photos. 3 and 5 appear to provide a clue to the nature of the amoeba effect in the coated particles with UO2 kernel. In Photo. 3, the radiographs II. (b) and (c) showing the different stages of the kernel movement toward the cold side of the intact coating indicate that a void was formed on the hot side of the original kernel position and the UO2 surface on this side was fairly smooth, and convex on the hot side. The position of the void suggests that carbon transfer inside the particle(5) does not participate in the UO2 movement. The results revealed in Photo. 5 clearly indicate that the UO2 movement occurred more readily toward a crack in the impaired coating, as compared with the case of the intact coating.
The hot spot mechanism cannot explain these results; no tendency can be discerned for the crack in the coating to form on the hot side of the particles shown in II.
of Photo. 3, and, granted that a small cracking had occurred, the UO2 would move toward the crack as shown in Photo. 5.
The results described above may be explained by evaporation of the UO2 kernel as follows . Uranium dioxide has a fairly high vapor pressure at these temperatures evaporation into the inert gas may be considered to occur to a considerable extent.
On the other hand, chemical reaction between UO2 and carbon coating in the cracked particles proceeds rapidly at these temperatures. Therefore, in the case of the cracked particles shown in Photo. 5, the evaporation and the reaction processes could have caused a competitive movement of the UO2 outward through the ran- tion and then condensation possibly takes place inside the particles, since there is a difference in evaporation rate between the hot and cold sides. The heat conduction in the particle under a temperature gradient is quite complicated, but it is conceivable that the isothermal surface of kernel is convex on the hot side, because of the smaller heat conductivity of UO2 than that of the coating layer, and evaporation of UO2 occurs on its surface. The convex surface of UO2 facing the void is seen in the radiographs II. (b) and (c) in Photo.
3. The evaporated UO2 would migrate through a void existing between kernel and inmost layer and/or the void in the inmost layer toward the colder side, and then penetrate through the layers toward the outside layer. Further experiments are being conducted on the particles bonded in the graphite disk in order to observe the movement quantitatively.
In the case of the coated UC2 particles, the UC2 kernel moved up the temperature gradient and no obvious void was formed on the cold side of the kernel, as seen in Photos. 1 and 2. The results in Photo. 4 imply that the movement due to the evaporation of UC2 (vapor pressure about that of UO2) is negligible and that the sealing-in of the UC2 kernel by the intact coating assumes a controlling factor in the movement. As seen in Table 2 , the degree of amoeba effect was different among the samples 69FP1, 70FC1 and 70NC3, although in these samples the composition and the sizes of kernel and layers were nearly the same. The explanation of this result is not possible at present.
It may only be surmised that differences in the procedure of preparing the samples may influence the properties of the coating layers, and this may have some connection with the occurrence of the amoeba effect.
Analysis of the distribution of uranium and silicon in the heated particle was made by an electron probe microanalyzer for the sample 69FP1 (UC2 kernel).
As seen in Photo. 6, uranium moved through the coating layers toward the higher temperature side, but there still remained uranium at the lower temperature side. Silicon at the lower temperature side remained unchanged, but at the higher temperature side it disappeared from the layer, some appearing in the kernel.
The movement of uranium and silicon has also been observed by other workers(11)(12) in particles heated isothermally. It appears that uranium and silicon move in opposite directions, and that in the present case the uranium did not form compounds with silicon(13) or silicon and carbon (14) .
Photo.
6 Result of analysis by electron probe microanalyzer on 69FP1 sample after heating More experiments are called for, to have detailed information on the mechanism of the amoeba effect of UC2 kernels.
Coated fuel particles were heated out-of-pile with a steep temperature gradient across the particle at high temperatures, and the following information was obtained on the phenomenon of the amoeba effect.
(1) In the case of UO2 kernel with their coating artificially impaired, the kernels were found to move more rapidly toward the crack regardless of the temperature gradient, as compared with UC2. (2) A high-density isotropic carbon inner layer is effective in inhibiting the amoeba effect. (3) The amoeba effect was observed even in out-of-pile heating on intact coated particles with UO2 kernel, which moved down the temperature gradient. This movement of UO2 was given a new explanation based on the evaporation and subsequent condensation of the UO2 within the particle, when the coating is intact. (4) In the case of UC2 kernel, which moves up the temperature gradient, the sealing-in of the kernel by the intact coating appears to assume a controlling factor, and the occurrence of evaporation was negligible.
